OBJECTIVES: Repeat sternotomy for redo cardiac surgery may be associated with catastrophic injuries to mediastinal structures. The purpose of this study was to determine the frequency of these injuries, associated outcome and if a preoperative computerized tomography (CT) scan reduces the risk of re-entry injury.
INTRODUCTION
Redo cardiac surgery is associated with an increased risk of postoperative morbidity and mortality. In the current era, the cohorts of patients undergoing redo cardiac surgery are becoming increasingly complex due to multiple comorbidities. Computerized tomography (CT) scan may identify patients at risk of re-entry due to adherence of mediastinal structures to the undersurface of the sternum as well as the spatial location of patent bypass grafts relative to the route of entry. This permits appropriate strategies to be put in place to prevent or minimize injuries to these structures. We reviewed our experience of re-entry complications during redo cardiac surgery to document their frequency and establish if CT scanning preoperatively reduces their incidence. cardiac surgery. Data collected included demographics, comorbid factors, surgical strategy, and in-hospital and long-term mortality. A retrospective review of all preoperative CT scans was carried out and structures that were adherent to the sternum were identified. Re-entry injury was defined as an adverse event (ventricular fibrillation, injury to great vessels, coronary grafts, atrium and ventricles) during resternotomy and pericardial dissection. The cohort of redo surgery patients was further categorized into subgroups dependent on the presence or absence of a preoperative CT scan. This was carried out to determine if the CT scan had any influence on re-entry injury. Survival data were obtained from the General Register's Office of Northern Ireland.
Data analysis
Statistical analysis was performed using an SPSS v.20 statistical software (IBM SPSS, Inc.) and Prism version 5 (Graphpad, Inc.). Normally distributed continuous variables were presented as mean ± standard deviation and otherwise as median and interquartile range. Categorical variables are shown as the percentage. A P-value of <0.05 was considered significant for all statistical methods. In univariate analysis, preoperative/perioperative variables were evaluated using a χ 2 test, Fisher's exact test or MannWhitney U-test as appropriate for CT versus non-CT group, and similarly for in-hospital mortality. A multivariate logistic regression analysis was performed to determine independent predictors of in-hospital mortality. Variable selection was based on a backward conditional method with a cut-off P-value of <0.05 for inclusion and P-value of >0.20 for exclusion of variables. HosmerLemeshow's test was used to assess the regression model fit. A log-rank test was used to compare survival distributions in patients with and without re-entry injury.
Image acquisition
Mediastinal images were acquired using a 16 slice or 64 channel CT scanner, Phillips® (Best, Netherlands). The assessment of mediastinal anatomy was carried out by obtaining images from the thoracic inlet to the diaphragm. Images were acquired at the arterial phase, 45 s post-injection of contrast. About 90 ml of contrast material was used at a concentration of 300 mg of iodine per ml. Patients at risk of developing contrast-related complications (history of contrast-induced nephropathy, allergic to iodine or shellfish, renal impairment with a glomerular filtration rate of <30 ml/min) were excluded from contrast administration. CT images were reviewed at a workstation using IntelliSpace PACS software, Phillips®.
RESULTS
The mean age was 61 years; 326 were male, and 218 were female (Table 1) . 486 patients underwent first time redo surgery, while 58 patients had multiple previous surgeries. The median logistic EuroSCORE was 11, in-hospital mortality rate was 9.5% and observed to expected mortality ratio was 0.8. The indications for redo surgery are outlined in Table 2 . Re-entry complications occurred in 15 cases (2.7%). The mediastinal structures injured during re-entry are summarized in Table 3 . The mortality rate in patients with re-entry injury was 26% (n = 4) compared with 9% (n = 48) without re-entry complications. Preoperative planning by CT scan was performed in 162 cases (Table 4 ) and adherence of vital structures to the sternum was found in 60 cases; the right ventricle, innominate vein and bypass grafts in 41, 11 and 8, respectively. Thirty-five patients (6.4%) had peripheral arterial (33 femoral and 2 axillary) cannulation to establish cardiopulmonary bypass (CPB) prior to sternotomy, and there were no mediastinal injuries in these cases. The following were the indications for establishing CPB via peripheral arterial cannulation:
(i) Risk of re-entry injury, 31% (ii) Type A aortic dissection, 11% (iii) Haemodynamic instability, 9% (iv) Undocumented, 49%.
The following local postoperative complications were encountered in this group: lymphatic leak (5.7%), pseudoaneurysm (2.8%), haematoma (2.8%) and wound infection (2.8%).
In the CT group, there was a lower incidence of re-entry injury 0.6 vs 3.6% (Table 4) . On univariate analysis operative priority, logistic EuroSCORE, bypass time and re-entry injury were shown as predictors of in-hospital mortality (Table 5 ). Logistic regression analysis revealed five independent predictors of in-hospital mortality including re-entry injury ( Table 6 ). The Hosmer-Lemeshow test generated a P-value of >0.05, indicating a good model fit. No difference in the long-term survival was seen in patients who had a re-entry injury (Fig. 1) .
DISCUSSION
This study was undertaken to establish the incidence of re-entry injury in patients undergoing redo cardiac surgery in Northern Ireland and to determine influence on outcome. Redo cardiac surgery is technically challenging due to scarring of tissues resulting in loss of tissue planes, adhesions, multiple comorbid factors and risk of injury during re-entry. It is important that safe strategies are formulated to mitigate such injuries in these patients.
Preventive strategies should be considered during the initial surgery to minimize the chance of re-entry complications in case ADULT CARDIAC U. Imran Hamid et al. / European Journal of Cardio-Thoracic Surgeryof subsequent redo surgery. Suggested techniques in coronary artery surgery with a left internal mammary artery include routing the graft through a slit in the pericardium to minimize the possibility of adherence to the sternal table [1] . A right coronary artery graft should be appropriately positioned to prevent an anterior lie on the right ventricle that may result in adherence to the sternum. Pericardial closure during initial surgery reduces adhesion of structures to the sternum. The practice of primary pericardial closure varies among different surgeons ranging from complete pericardial closure to none, the concern in the latter being postoperative haemodynamic instability due to a constrictive effect in the presence of myocardial oedema. Pericardial closure should be advocated when possible as it prevents the epicardial surface adhering to the sternum, minimizing re-entry injury [2] . Some cardiac centres have also used various materials such as Coseal and adhesion barriers, successfully to prevent or reduce pericardial adhesion formation, which potentially would reduce the risk of re-entry injury [3, 4] . The CT scan is increasingly playing a crucial role as part of preoperative assessment of patients undergoing redo cardiac surgery. The risk to patients from undergoing CT scan is small; the incidence of contrast-induced nephropathy in the general population is less than 2% [5] . Similarly, severe anaphylactic reaction following administration of contrast occurs in 0.16-0.03% of patients [6] . The estimated lifetime risk of cancer-related death at age above 35 associated with radiation from a single CT was noted to be <0.02% [7] . Contrast-related complications can be mitigated by identifying at-risk patients and avoiding administration of contrast.
In the current series, the incidence of re-entry injury was higher (3.6%) in patients who did not have a preoperative CT scan (Table 4 ). In 37% of these patients, various structures were identified to be adherent to the sternum. The right ventricle in 68% of the cases was the most common structure found to be adhered to the sternum. In the case series published by Roselli et al. [8] , incidence rate of re-entry injury to coronary grafts was 3.9%, chambers of the heart 2% and great vessels 1.5%. Similarly, Gillinov et al. reported a 5.3% risk of injury to patent left internal mammary artery grafts [1] . Roselli et al. [8] also highlighted a lack of preoperative imaging as one of the predisposing factors for re-entry injury. Therefore, it is important to determine precise spatial location of mediastinal structures in relation to the route of entry to reduce the operative risk associated with redo surgery [9] [10] [11] .
Some of the different strategies used in anticipation of re-entry injury range from exposure of vessels to be cannulated to peripheral cannulation with or without establishing CPB prior to sternotomy and use of non-sternal routes to access the mediastinum.
Peripheral cannulation is a safe and rapid technique for establishing CPB. The indications for peripheral cannulation and establishing CPB in the setting of redo cardiac surgery include:
(i) Haemodynamic instability (ii) Type A aortic dissection (iii) Calcified ascending aorta precluding aortic cannulation (iv) Minimally invasive surgery (v) Surgical assessment of likelihood of injury on re-entry [12] .
In the event of fatal haemorrhage during sternotomy, an injury is more readily repaired [13] . Although establishing CPB prior to sternotomy is associated with an increase in the CPB time and risk of postoperative bleeding but a reduction in the risk of re-entry injury, improvement in tissue hypo-perfusion and myocardial protection should also be taken into consideration [13] . Singh et al. advocate the use of peripheral heparin-bonded circuits for CPB without the concurrent use of systemic heparin with the added advantage of not only attenuating the inflammatory response and coagulopathy but also the reduction risk of re-entry injury by decompressing the heart [14] . Complications of peripheral arterial cannulation include local wound complications, distal limb ischaemia, pseudoaneurysm, haematoma, brachial plexus injury and lymphatic leaks. Cohn et al. reported an incidence rate of 0.7% for arterial complications, 1.5% for venous complications and 2% for groin infections for patients who underwent peripheral arterial cannulation for establishing CPB [15] . In patients with aortic insufficiency where CPB is required prior to sternotomy, left ventricle venting is a useful adjunct in preventing myocardial injury due to left ventricular distension [16] . In the current series, 6.4% of patients underwent peripheral cannulation for establishing CPB prior to sternotomy. Although peripheral arterial cannulation did not reach statistical significance for prediction of in-hospital mortality, it is important to highlight that there was no reported re-entry injury in this subgroup albeit minor local complications (lymphatic leak, pseudoaneurysm, haematoma, wound infection). Although we found the incidence of re-entry injury to be reduced by CT scan and lack of re-entry injury if peripheral arterial cannulation was carried out for CPB, this may not be a direct effect. It is possible that surgeons who pay more care and attention to preoperative planning are also more likely to avoid injury by applying the same attention to detail during dissection and opening of the sternum. Despite this, we believe that contrast-enhanced CT scanning is mandatory before redo sternotomy, particularly in patients with previous coronary artery bypass graft to identify the course of the bypass grafts and to interrogate aortic wall pathologies such as aortic dissection [17] . However the use of contrast should be avoided in patients at risk of contrast-related complications. In patients requiring mitral or tricuspid valve surgery where resternotomy is not feasible, right thoracotomy is a viable option with the advantage of avoiding complications such as graft injury and fatal haemorrhage [18] albeit with an increased incidence of postoperative stroke [19] .
Although the incidence of re-entry injury in this study was small (2.7%), it is associated with an increased risk of in-hospital mortality (26%). The survival rate of patients with and without re-entry injury at 1 year, 5 years and 10 years was 73 vs 89, 73 vs 82 and 73 vs 78%, respectively. These findings suggest that re-entry injury does not influence long-term survival (P = 0.58) in redo surgery patients (Fig. 1) ; however, this only holds true once the patient has successfully transitioned through the perioperative period indicating that in-hospital adverse events are of crucial importance to long-term survival. This is also seen in the Kaplan-Meier curve where the late survival in the two groups becomes parallel after the perioperative period.
In the event of a catastrophic injury, it is essential to limit cardiovascular instability by promptly establishing CPB via peripheral cannulation with or without hypothermic circulatory arrest, to allow repair of the injury. In such events, it is essential that predefined strategies are in place and executed to limit an adverse patient outcome.
Despite the limitations of a retrospective study, our experience shows that a policy of careful preoperative planning, including CT scanning and selective, but sparing, use of peripheral arterial cannulation is associated with less injuries to vital structures and less chance of in-hospital mortality during repeat sternotomy.
